Abstract. Schistosomiasis affects over 170 million people in Africa. Here we compare a novel, low-cost mobile phone microscope to a conventional light microscope for the label-free diagnosis of Schistosoma haematobium infections in a rural Ghanaian school setting. We tested the performance of our handheld microscope using 60 slides that were randomly chosen from an ongoing epidemiologic study in school-aged children. The mobile phone microscope had a sensitivity of 72.1% (95% confidence interval [CI]: 56.1-84.2), specificity of 100% (95% CI: 75.9-100), positive predictive value of 100% (95% CI: 86.3-100), and a negative predictive value of 57.1% (95% CI: 37.4-75.0). With its modest sensitivity and high specificity, this handheld and cost-effective mobile phone-based microscope is a stepping-stone toward developing a powerful tool in clinical and public health settings where there is limited access to conventional laboratory diagnostic support.
INTRODUCTION
Inadequate laboratory capacity is a key obstacle to the delivery of quality health care in resource-constrained settings, frequently resulting in undertreatment and overtreatment of infectious diseases based on clinical assessment alone. Laboratory infrastructure is typically clustered in urban settings and is relatively inaccessible in regions where significant portions of affected population reside. 1 Many of the neglected tropical diseases (NTDs) in particular are more prevalent in rural areas, far from these diagnostic centers. Schistosomiasis, for example, affects over 200 million people worldwide with the vast majority of those affected residing in rural African settings. 2 Chronic infection with Schistosoma haematobium can result in significant morbidity from hydronephrosis, renal failure, and infertility, 3, 4 in addition to mortality secondary to bladder cancer. 5, 6 Schistosoma haematobium may also be a risk factor for human immunodeficiency virus acquisition. 7 To overcome limitations in laboratory capacity, patients or samples are often transferred to distant diagnostic centers; however, this approach may be inefficient as it consumes limited time and resources. Therefore, novel, simple, and inexpensive approaches to diagnose schistosomiasis and other NTDs are needed in both clinical and public health environments. One potential solution to these barriers is handheld and mobile phone microscopy, 8 given the ease in which diagnostic services can be transferred directly to settings in need. Recent studies have evaluated handheld and mobile phone-based microscopes designed to diagnose pathogens of global health concern, with field testing conducted in resource-constrained public health settings. 9, 10 Here we describe the diagnostic operating characteristics of a novel mobile phone-based microscope for S. haematobium infection in a rural Ghanaian school.
METHODS
Sample preparation and analysis. This study was conducted in Sorodofo-Abaasa Village, in the Abura Asebu Kwamankese District of the Central Region of Ghana in July 2015, and integrated into an ongoing schistosomiasis epidemiologic study and local control efforts in the region. Ethical permission for this study was granted by the University of Cape Coast (Cape Coast, Ghana). The study was conducted at the village school, with consent from headmasters, pupils, and their parents. The school consists of 223 pupils (age 7-16), all of whom provided urine samples for the larger epidemiologic study. Sixty urine specimens were randomly chosen for evaluation, with the microscopist blind to demographic data or a prior history of schistosome infection. Urine samples were all collected between 10:00 and 14:00 and processed and examined on the day of collection. Ten milliliters of urine was pipetted from each urine sample and processed at the University of Cape Coast Hospital Laboratory. The urine samples were centrifuged at 5,000 rpm for 5 minutes and the supernatant was discarded, whereas the sediment transferred and plated to a standard glass microscope slide, then protected by a cover slip as per clinical standards. 11 As a reference standard, the slide was first examined by an expert microscopist via conventional light microscopy with an Olympus CX21FS1-5 microscope (Olympus, Tokyo, Japan) using both ×10and ×20 objective lenses. Identification and quantification of S. haematobium eggs were recorded. All individuals who tested positive for S. haematobium infection via conventional microscopy were treated with praziquantel (single dose of 40 mg/kg) free of charge. A second expert microscopist examined the slides that same day using our mobile phone-based microscope and identified the presence or absence of S. haematobium eggs. The microscopist was blinded to prior parasitologic results acquired via conventional benchtop microscopy. Design of the mobile phone microscope. Our mobile phone microscope weighs ∼300 g (including the smart phone) and uses a 3D printed and custom-designed optomechanical attachment unit that is attached to the back camera unit of the smartphone ( Figure 1A and B). We used a Nokia Lumia 1020 (Microsoft, Redmond, WA) in our mobile phone microscope design, which uses an external lens in addition to the existing lens of the mobile phone camera, two "white" light-emitting diodes (LEDs) as light source, two polymer diffusers for uniform illumination of the sample, a custom-designed microscope slide tray, a z stage for manual adjustment of the focal plane, an x stage for lateral translation of the sample slide, two AA batteries to power up the illumination LEDs, and a switch to turn on/ off the LEDs. This mobile microscope provides a half-pitch spatial resolution of 0.87 μm ( Figure 1C ) and a field of view that is larger than 4 mm 2 . After inserting the sample slide into the tray, LEDs are turned on and the regular smartphone camera application is used to capture transmission images of the samples ( Figure 1D ).
RESULTS
Sixty samples were randomly selected for evaluation; however, one sample was lost during laboratory processing. Forty-three samples were positive for S. haematobium for a prevalence of 72.9%. Of these, 35 (59.3%) were lowintensity (≤ 50 eggs per 10 mL urine) and eight (13.6%) were high-intensity (> 50 eggs per 10 mL urine) infections. 11 Overall, our mobile phone microscope had a sensitivity (Table 1) .
DISCUSSION
Mobile phone microscopy has the potential to bring quality diagnostics to settings without access to standard laboratory facilities and may have applications in both clinical and public health settings. [8] [9] [10] Here, we demonstrated a modest sensitivity and excellent specificity of a novel mobile phone microscope design for the diagnosis of schistosomiasis in a school-based survey.
The device used in this study shows great promise as it demonstrated significant ease of use, compared with other devices, 12, 13 and faster and more efficient throughput of specimens, although we did not record the time it took to examine individual slides in this study. Expert microscopists reported that device was uncomplicated to use, and effectively functioned to visualize and focus on eggs, and manipulate/translate slides. The diagnostic sensitivity was likely modest as the mobile phone microscope could only manipulate a slide in the x axis (while focusing in the z plane), and there were likely eggs that were not counted in the y direction as they were beyond the field of view of our design (∼4 mm 2 ). Future iterations of the device will enable both x and y translation of slides that will very likely increase our diagnostic sensitivity. Despite these initial limitations, the demonstrated sensitivity was comparable to or considerably better than some of the earlier mobile microscope designs. 9, 13 Specificity was very high, and similar to other mobile phone-based microscopes. 9, 13, 14 Weaknesses of this study include the relatively small sample size (N = 60), and that slides were only examined by expert microscopists with experience in mobile phone microscopy. In addition, slide preparation was performed in a hospital laboratory with electric centrifugation. To evaluate the true efficacy of these mobile phone-enabled devices, future studies should aim to process and analyze all specimens in field settings. This may include sample processing in the field with simple syringe filtration, 11 or other devices such as electricity-free handheld centrifugation 15 or gravity urine filtration. 16 In addition, future studies will have samples analyzed by local microscopists with training on how to use mobile phone devices.
The next generation of mobile phone microscopes shows tremendous promise for practical applications in the field as they integrate novel technology, which might further improve the quality of care in resource-constrained settings. Computer vision and machine learning technology [17] [18] [19] are being integrated on portable diagnostic devices. Such technology could conceivably automate the process of pathogen identification and quantification while removing the elements of human fatigue, poor training, and error. Given the paucity of skilled microscopists, machine learning technology could enable better access to care, as many health-care technicians would conceivably require training for sample processing, rather than training on both sample processing and microscopy analysis. Other future directions include integrating these novel diagnostic devices into routine public health practice, as has been recently studied with schistosomiasis, 9 malaria, 10 and Loa loa control efforts. 20 Mobile phone-enabled imaging, sensing, and diagnostics technologies have the potential to bring diagnostic testing to areas most in need, and to support clinical and public health practice in underserviced locations. The mobile phone microscope evaluated here is a stepping-stone toward enabling better quality care for schistosomiasis control efforts, among other potential applications that it can serve in global health.
